Edited by George N. DeMartino Caspase-9 (casp-9) is an initiator caspase and plays a central role in activating apoptotic cell death. Control of all caspases is tightly regulated by a series of phosphorylation events enacted by several different kinases. Caspase-9 is the most heavily phosphorylated of all caspases, with phosphorylation of at least 11 distinct residues in all three caspase-9 domains by nine kinases. Caspase-9 phosphorylation by the non-receptor tyrosine kinase c-Abl at Tyr-153 reportedly leads to caspase-9 activation. All other phosphorylation events on caspases have been shown to block proteolytic function by a number of mechanisms, so we sought to unravel the molecular mechanism of the putative caspase-9 activation by phosphorylation. Surprisingly, we observed no evidence for Tyr-153 phosphorylation of caspase-9 in vitro or in cells, suggesting that Tyr-153 is not phosphorylated by c-Abl. Instead, we identified a new site for c-Abl-mediated phosphorylation, Tyr-397. This residue is adjacent to the caspase-9 active site but, as a member of the second shell, not a residue that directly contacts substrate. Our results further indicate that Tyr-397 is the dominant site of c-Abl phosphorylation both in vitro and upon c-Abl activation in cells. Of note, phosphorylation at this site inhibits caspase-9 activity, and the bulk of the added phosphate moiety appeared to directly block substrate binding. c-Abl plays both proapoptotic and prosurvival roles, and our findings suggest that c-Abl's effects on caspase-9 activity promote the prosurvival mode.
Cells undergo constant turnover to maintain normal tissue function and homeostasis. This is achieved by a delicate and dynamic balance of cellular networks involving cell proliferation and cell death signaling pathways. Apoptosis or programmed cell death is an essential pathway that proceeds via a series of biochemical reactions that ultimately result in the controlled dismantling of cellular components without adverse impact on neighboring cells. Tight regulation of apoptosis is fundamental to attain cellular homeostasis. Defects in regulation of apoptotic pathways have been implicated in many diseases that are in nature both proliferative, such as cancer, and degenerative, like Alzheimer's and Huntington's. As such, elements involved in apoptotic signaling are recognized as attractive drug targets for the development of therapeutics for apoptosis-related diseases.
Caspases are specialized proteases that mediate the faithful execution of apoptosis. Caspases cleave protein substrates, causing either activation or inhibition, which eventually commits the cell to death. Caspases are extremely specific toward substrates, generally preferring to cleave after an aspartate (1) or glutamate (2) or, in some cases, a phosphoserine (3) . Depending on where they act in the apoptotic pathways, caspases are classified as either upstream initiators (casp-2, 3 -8, and -9) or downstream executioners (casp-3, -6, and -7). Because caspase activity inherently induces apoptosis, caspases are synthesized and held as inactive zymogens (procaspases). Procaspases contain an N-terminal prodomain region and the highly homologous caspase core, consisting of a large and a small subunit joined together by an intersubunit linker. Most procaspases exist predominantly as homodimeric proteins. Upon apoptosis induction, initiator caspases are recruited to complex protein scaffolds that promote activation, whereas executioner caspases depend on initiator caspases to cleave the intersubunit linker, which consequently converts the inactive procaspase into a mature, active form. Once assembled into an active form, the highly dynamic loops that compose the active site assume a conformation that allows substrate binding and catalytic cleavage, thereby initiating a cascade of reactions that eventually lead to the cell's demise. Caspases exert such a dominant impact on apoptosis that any inopportune caspase activation is deleterious to the cell. Thus, caspase expression and activation are tightly regulated by various mechanisms at different checkpoints in the cell.
Phosphorylation is recognized to be a critical mediator of apoptosis (for reviews, see Refs. 4 and 5) . Caspases form a subset of kinase substrates whose functions are directly affected by phosphorylation (6) . The initiator casp-9, for example, appears to be extremely sensitive to phosphorylation, having the largest number of phosphorylation sites reported of any caspase ( Fig.  1A ; for reviews, see Refs. 6 -8) . This suggests that phosphorylation is a strong regulator of casp-9 function. This is perhaps because phosphorylation can impact casp-9 on multiple levels, as casp-9 achieves activation in many ways, from cleavage to dimerization to protein-protein interactions to the formation of the apoptosome. Phosphorylation sites are present in all domains of casp-9 ( Fig. 1A) and are targeted by kinases that are involved in cell cycle (9, 10) , cellular stress (11) (12) (13) , and extracellular signals (14, 15) .
In general, phosphorylation of caspases results in apoptotic suppression, which is a direct consequence of caspase inhibition. Intriguingly, of all the reported sites of phosphorylation in casp-9, Tyr-153 is the only site reported to activate casp-9 (12) . All other sites of phosphorylation reportedly have led to inactivation (16) . Tyr-153 in casp-9 is reported to be phosphorylated by the non-receptor tyrosine kinase c-Abl. c-Abl is activated in response to various extrinsic and intrinsic signals, which causes it to possess both pro-and anti-apoptotic roles (for a review, see Ref. 17) . c-Abl generally recognizes the sequence (I/V/L)YXXP and phosphorylates a large number of functionally diverse substrates, in part due to its ability to shuttle between the cytosol and the nucleus. Interestingly, this nucleocytoplasmic shuttling of c-Abl dictates whether its activation would promote either cell death or survival. For example, oncogenic forms of c-Abl exhibit strictly cytoplasmic localization and constitutive activity, whereas nuclear c-Abl activated by cellular stress, such as DNA damage, promotes apoptosis. This pro-apoptotic function of c-Abl has been attributed to its phosphorylation of casp-9, resulting in self-processing and subsequent activation of casp-3 (12) . We were intrigued by this functional effect of c-Abl on casp-9, especially because all other sites were reported to be inhibiting upon phosphorylation. For this reason, we undertook a study of the mechanism of casp-9 activation by Tyr-153 phosphorylation. During this study we identified a new site of phosphorylation.
In the last decade, a number of cell-based studies identified sites of phosphorylation in casp-9 (16) . Many excellent proteome-wide studies have annotated sites of phosphorylation in casp-9 and other caspases. Given the multitude of different cellular contexts, it has naturally been impossible to perform these large-scale, proteome-wide studies under all relevant cellular conditions. Thus, although a number of sites have been identified, it is likely that many other sites of phosphorylation by particular kinases have not yet been identified. Here we report a novel site of phosphorylation in casp-9 by c-Abl. An active siteadjacent residue, Tyr-397, is phosphorylated by c-Abl both in vitro and intracellularly, leading to casp-9 inhibition.
Results
Caspase-9 is composed of the caspase activation and recruitment domain (CARD) and the core, which consists of the large and the small subunit. The reported phosphorylation site Tyr-153 resides in the casp-9 large subunit (Fig. 1, A and B) . In the dimeric, substrate-bound structure of casp-9, the hydroxyl group of Tyr-153 forms a hydrogen bond with Asp-350 in the L2Ј loop. This interaction seems to support the position of L2Ј as it correspondingly interacts with L2 and L4 in the other half of the dimer to form the substrate binding groove and catalytic site (Fig. 1C) . Thus, it is conceivable that phosphorylation of Tyr-153 would impact casp-9 activity. Phosphorylation of caspases typically leads to inhibition (6) , yet it has been reported that upon DNA damage, Tyr-153 phosphorylation by c-Abl results in self-processing and promotes casp-9 cleavage of casp-3 (12) .
Phosphomimetic Y153E has impaired catalytic efficiency compared with WT casp-9
To probe for the functional consequence of Tyr-153 phosphorylation in casp-9, we generated the glutamate phosphomimetic Y153E. Following overexpression, Y153E remained in its zymogen (uncleaved) form unlike WT casp-9, which was expressed as a mature, cleaved enzyme (Fig. 1D) . Casp-9 zymogen possesses basal activity and hence readily undergoes selfprocessing; however, the glutamate substitution blocks function. Unlike the WT zymogen, Y153E lacked the ability to self-process ( Fig. 1E ) and did not exhibit any LEHDase activity (Table 1) in the zymogen form. To assess whether the observed inhibition was due to its zymogen nature and to assess whether these variants are still cleavable by other caspases, full-length Y153E was cleaved by casp-3 (Fig. 1F) . Even following cleavage to generate the mature form, Y153E remained inactive (Fig.  1G ). In addition, casp-9 variants at this position were expressed from a constitutively two-chain (CT) construct, which allows independent translation of the CARDϩLarge and the small subunits. Even in its fully mature form, CT Y153E remained inactive, suggesting that the glutamate phosphomimetic inherently inhibits casp-9 activity (Fig. 1D and Table 1 ). This was in contrast to a prior report, in which phosphorylation at Tyr-153 was suggested to promote casp-9 self-processing and thereby activation (12) . To validate that the inhibition was a direct consequence of the phosphomimetic, an aspartate substitution (Y153D) was made and showed the same inactivating effect as the glutamate phosphomimetic, whereas the conservative phenylalanine substitution mutant (Y153F) had a ϳ150-fold decrease in catalytic efficiency (Table 1) . Both Y153D and Y153F were also uncleaved upon overexpression, suggesting impaired self-processing abilities (Fig. 1D) . Similar to Y153E, casp-3 was able to cleave Y153D or Y153F to generate mature enzymes; however, they remained inactive (Fig. 1, F and G) . Moreover, the CT version of Y153F had no measurable activity, and introducing a polar amide side chain of glutamine (CT Y153Q) did not rescue activity (Table 1 and Fig. 1D ). Thus, the inhibition observed was probably due to the inherent sensitivity of the Tyr-153 site. These results are in line with prior observations. This region where the L2 and L2Ј loops interact is extremely sensitive to mutation and post-translational modification. Substitutions that break the L2-L2Ј interaction disrupt caspase activity (18) , and phosphorylation of Ser-257, which is also in this region, also inactivates casp-6 (19) . Thus, one might anticipate a priori that should Tyr-153 be phosphorylated, it would be inactivating. However, given the limitation that glutamate may not be as high-fidelity a phosphomimetic for phosphotyrosine as it is for phosphoserine and phosphoCaspase-9 phosphorylation by c-Abl threonine, we could not formally rule out the possibility that phosphorylation of Tyr-153 could activate casp-9; however, we find the possibility to be highly unlikely, given the data presented here.
Tyr-397 is the major phosphorylation site in casp-9 by c-Abl
We performed in vitro phosphorylation using recombinant c-Abl to interrogate the behavior of the phosphorylated form of casp-9. Casp-9 was indeed a substrate of c-Abl, as both the kinase domain only (KD) and the three-domain (SH3-SH2-kinase domain) (3D) forms of c-Abl resulted in 32 P-labeling of casp-9 zymogen/full-length (as catalytic site inactivated C287A) in the presence of [␥-
32 P]-ATP (Fig. 2) . Surprisingly, we did not observe any phosphorylation in the CARDϩLarge (CARDϩLg) region where Tyr-153 is located, but rather clear phosphorylation of the small subunit (Sm) in cleaved, WT casp-9 (Fig. 2, B and D) . Upon inspection of all other tyrosine residues in casp-9 (Tyr-251, Tyr-345, Tyr-363, and Tyr-397), Tyr-397 was the most highly surface-exposed (Fig. 3A) . In addition, the sequence surrounding Tyr-397 contains a consensus sequence for c-Abl recognition (Fig. 3, B and C) . To pinpoint the phosphorylated residue or residues, Tyr-153 and Tyr-397 were rendered unphosphorylatable by substitution of phenyla- Cognate kinases are indicated with arrows pointing at the phosphorylation site. B, structure of full-length, dimeric casp-9 showing the phosphorylation site, Tyr-153, as spheres. The structure shown here was modeled from individual structures of the CARD-deleted casp-9 (amino acids 138 -416; PDB entry 1JXQ) and the casp-9 CARD (amino acids 1-95; PDB entry 3YGS) from a dimeric complex with Apaf-1 CARD. The region between the CARD and core is not present in either structure and is most likely highly disordered; hence, it was modeled as gray coil. The loops forming the substrate binding groove (L2, L3, and L4 from one monomer and L2Ј from the opposite monomer) are labeled. C, Tyr-153 forms a hydrogen bond with Asp-350 in loop L2Ј, supporting the "up" position of L2Ј to properly interact with L2 and L4 and achieve a catalytically competent active site. D, Casp-9 Tyr-153 variants (phosphomimetics Y153E and Y153D and non-phosphorylatable Y153F) remained in the uncleaved zymogen (full-length) state upon overexpression, whereas WT casp-9 forms the mature, cleaved state upon overexpression. The CT versions of casp-9 are generated by independent translation of the CARDϩLarge (Lg) and Small (Sm) subunits. Due to the separate expression of the subunits, all casp-9 CT variants (CT Y153E, CT Y153F, and CT Y153Q) are in the "cleaved" state following overexpression. E, the WT casp-9 zymogen readily undergoes self-processing into the CARDϩLarge and small subunits. Full-length Y153E is unable to self-process and remains in the zymogen (uncleaved) form, suggesting that it is inherently inactive. F, Casp-3 natively cleaves casp-9 at Asp-330. Casp-9 WT, catalytic siteinactivated variant C287A, phosphomimetic Y153E, and variants Y153D and Y153F were incubated alone or with casp-3. Cleavage at Asp-330 to generate mature proteins only occurred in the presence of casp-3, except for WT, which immediately self-processes, and Y153F, which can weakly self-process. G, Casp-9 full-length variants cleaved by casp-3 (D) were tested in an LEHDase assay. Y153E, Y153D, and Y153F did not gain activity following casp-3 cleavage. Error bars represent S.E. of three independent trials done on three separate days.
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lanine and incubated with active c-Abl. Y153F substitution did not abolish phosphorylation, as the small subunit was still clearly labeled with 32 P (Fig. 3D ). Tyr-397 appears to be more solvent-exposed relative to Tyr-153; hence, it is possible that the competition for Abl recognition and phosphorylation is heavily weighted toward Tyr-397. However, making Tyr-397 unphosphorylatable (Y397F) did not force phosphorylation of Tyr-153 but almost completely eliminated casp-9 phosphorylation (Fig. 3D) . We also tested CARD-deleted versions of casp-9 (⌬CARD) to increase Tyr-153 accessibility, as the CARD in full-length casp-9 is attached through a highly flexible linker and could potentially block the Tyr-153 site. Even in the absence of the CARD, only phosphorylation at the small subunit was observed (Fig. 3E) . To unambiguously identify the phosphorylated site, we performed LC-MS/MS on peptide fragments following Arg-C proteolysis of c-Abl-phosphorylated WT casp-9 and observed phosphate labeling at Tyr-397 with high confidence (supplemental Fig. S1, A and B) . These results clearly indicate that Tyr-397 is the dominant site for phosphorylation by c-Abl in vitro.
Phosphorylation of Tyr-397 leads to casp-9 inhibition
This is the first report of a novel site, Tyr-397, being phosphorylated by c-Abl. As such, it is imperative to probe whether this phosphorylation imparts functional or structural perturbations to casp-9. A modest but statistically significant inhibition of casp-9 LEHDase activity was observed when WT was phosphorylated at Tyr-397. In contrast, the activity of the unphosphorylatable Y397F variant was unchanged even after treatment with c-Abl (Fig. 4, A and B) . Although full inhibition was not observed under in vitro phosphorylation conditions, a strong correlation between the levels of phosphorylation and casp-9 inhibition was observed (Fig. 4C) . In fact, phosphocapture experiments resulted in samples with enriched levels of phosphorylated casp-9 that correspondingly exhibited higher degrees of inhibition (Fig. 4D ), implying that a homogeneous population of phosphorylated casp-9 would be completely inhibited.
One of the hallmarks of suppressed apoptosis emanating from casp-9 inhibition is the attenuation of the cleavage of downstream substrates casp-3 and casp-7 (20) . WT casp-9 phosphorylated by c-Abl cleaved full-length casp-7 and casp-3 more slowly than unphosphorylated WT casp-9 (Fig. 5, A and E) . In contrast, there was no significant difference in the rate of casp-7 or casp-3 cleavage by casp-9 Y397F regardless of whether c-Abl was active (ϩ ATP) or not (Ϫ ATP) (Fig. 5, B and F) . This recapitulates the previous finding that Y397F is insensitive to inactivation by c-Abl. Importantly, the degree of casp-9 phosphorylation also correlates with the decrease of its protein cleavage kinetics (Fig. 5 , C and D for casp-3 and G and H for casp-7). It is worthwhile to note that Y397F is as active as WT casp-9 (Table 1) ; therefore, the decrease in casp-9 activity can be unambiguously attributed to phosphorylation and not simply due to inherent sensitivity of this site. Along these lines, we observed a 5-fold decrease in catalytic efficiency in the Y397E phosphomimetic (Table 1 ) and attenuated protein cleavage kinetics (supplemental Fig. S3 , A and B). Although Y397E is not a perfect surrogate for phosphorylated Tyr-397, it manifests a functional outcome similar to Tyr-397 phosphorylation. Thus, one functional effect of Tyr-397 phosphorylation by c-Abl is to diminish casp-9's activation of executioner caspases.
Model for casp-9 inhibition by Tyr-397 phosphorylation
The substrate-binding site of active, dimeric caspases consists of highly mobile loops (L2, L3, and L4 from one monomer and L2Ј from the opposite monomer), which, upon substrate binding, assume a properly ordered conformation to perform catalytic cleavage. Tyr-397 is situated in loop L4 of casp-9 ( Fig.  3A and supplemental Fig. S4B ). In the substrate-bound structure, Tyr-397 participates in the hydrophobic network along with Ile-396 and Trp-362 to engage the hydrophobic P4 residue (supplemental Fig. S4A ). Modeling a phosphotyrosine in place of Tyr-397, it appears that both the added bulk and charge of phospho-Tyr-397 would directly impact substrate binding. Being situated in a highly mobile loop, the phosphotyrosine could be envisioned to reach into the substratebinding cavity, essentially creating steric and electrostatic 
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clashes with other subsite residues (supplemental Fig. S4B ). This would either directly obstruct the incoming substrate from binding or prevent the loop bundle from assuming an ordered conformation keeping the active site in an unproductive state, or both.
Tyr-397 is phosphorylated in lysates and in cells upon direct c-Abl activation
In vitro phosphorylation coupled with the use of unphosphorylatable protein variants has allowed identification of putative residues phosphorylated by kinases. However, alternative specificity of kinases toward substrates in vitro has been reported in isolated cases (21) . The lack of regulatory elements normally present intracellularly has been suggested to contribute to altered phosphorylation. To determine whether Tyr-397 was a bona fide cellular site of phosphorylation, recombinant WT casp-9 was added into HEK 293T lysates supplemented with [␥-32 P]ATP and orthovanadate, a phosphatase inhibitor. This resulted in visible phosphorylation of the CARDϩLarge ( Fig.  6A and supplemental Fig. S5A ). Given that there are other kinases readily activated by the addition of ATP and treatment of orthovanadate and that casp-9 has multiple phosphorylation sites in this region (9, 11, (13) (14) (15) 22 , 23), we were not surprised by this observation. Phosphorylation of the small subunit in WT casp-9 in the absence of c-Abl was not evident, which could either be due to low titers of endogenous c-Abl in HEK 293T or because c-Abl was not sufficiently activated, or both. Because the activation state of c-Abl was not known, the lysates were supplemented with recombinant c-Abl to allow in trans activa- Tyr-397 (Y397) resides in loop L4 and is noticeably solvent-exposed, due to crystal contacts in this structure (PDB entry 1JXQ). B, substrate sequence logo for the consensus recognition sequence of c-Abl (downloaded from PhosphoSitePlus (33)). C, sequence of residues surrounding each tyrosine present in casp-9. Residues in favorable positions are underlined. The sequence surrounding Tyr-397 conforms well to the consensus sequence for c-Abl phosphorylation. D, unphosphorylatable casp-9 variants (phenylalanine substitutions at putative phosphorylated tyrosines) in both FL and CT versions were subjected to in vitro phosphorylation by c-Abl for 2 h. The asterisk denotes that FL Y397F was constructed in the background of C287A (catalytic cysteine-inactivated variant) to prevent self-processing because Y397F is active. FL Y153F casp-9 was still visibly phosphorylated; the CT version of Y153F revealed that the phosphorylation is in the small subunit. An absence of phosphorylation was observed for Y397F (both FL and CT) and the double mutant Y153F/Y397F. E, removal of the CARD in casp-9 (⌬CARD) did not promote phosphorylation of the Tyr-153 site in the large subunit. Only the small subunit was robustly phosphorylated. An unidentified nonspecific 12 kDa band from ⌬CARD C287A was also observed be phosphorylated.
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tion of c-Abl. This resulted in distinct phosphorylation of the small subunit in WT casp-9, whereas Y397F exhibited negligible levels of small subunit phosphorylation ( Fig. 6A and supplemental Fig. S5 , A-C). For both WT and Y397F, the CARDϩLarge region appeared to retain its phosphorylation state. The addition of a c-Abl inhibitor, imatinib, abrogated the phosphorylation of the small subunit but not that of the CARDϩLarge (Fig. 6A ). This implies that the phosphorylation observed for the small subunit was predominantly due to c-Abl, whereas that for the CARDϩLarge was not and could be reliant on the action of other kinases.
We then proceeded to interrogate casp-9 phosphorylation in cells upon activation of endogenous c-Abl. c-Abl is known to be tightly regulated in cells, and even overexpression does not usually activate its kinase activity (24, 25) ; its activation is usually dependent on upstream kinases, such as Src (26) , or stimulation of growth factor receptors, such as PDGFR (26) . Thus, to ensure that only c-Abl is activated without activation of other kinases, HEK 293T cells were treated with 5-(1,3-diaryl-1H-pyrazol-4-yl)hydantoin (DPH), a known direct activator of c-Abl (27) , as well as the phosphatase inhibitor orthovanadate. This led to c-Abl activation, as manifested by phosphorylation of c-Abl at Tyr-412 (28) . In addition, CrkII, a well-known physiological substrate of c-Abl (29) , was phosphorylated only upon treatment of DPH. The presence of active, phosphorylated c-Abl and phosphorylated CrkII were confirmed by immunoblot against the phosphorylated residues pTyr-412 (for c-Abl) and pTyr-221 (for CrkII) (Fig. 6B) . The c-Abl inhibitor imatinib abolished these phosphorylation events, demonstrating that c-Abl is indeed activated by DPH and vanadate (Fig. 6B) . In order to probe casp-9 phosphorylation by c-Abl, HEK 293T cells were transfected with FLAG-tagged casp-9 catalytic siteinactivated variant C287A and the unphosphorylatable C287A/ Y397F variant. Transfected cells were then treated with DPH/ vanadate to induce c-Abl activation ( Fig. 6C and supplemental Fig. S6 (A and B) , panels labeled Total). Immunoprecipitated casp-9 C287A was robustly tyrosine-phosphorylated as assessed by phosphotyrosine immunoblot (Fig. 6C and supplemental Fig. S6 (A and B) , panels labeled IP). Together, these data indicate that casp-9 is a bona fide substrate of c-Abl. Whereas phosphorylation was not entirely eliminated in the unphosphorylatable variant C287A/Y397F, the level of phosphorylation was significantly weaker than in C287A, although the total amount of immunoprecipitated casp-9 was the same in both transfected conditions ( Fig. 6A and supplemental Fig. S6C ). Moreover, transfectedcellstreatedwithDMSOshowedweaktyrosinephosphorylation of both C287A and C287A/Y397F, the phosphorylation levels of which are comparable with that of C287A/ Y397F in DPH/vanadate-treated cells (supplemental Fig.  S6A ). This strongly supports the model that Tyr-397 is the predominant site for c-Abl phosphorylation upon its activation by DPH and is the dominant site of c-Abl phosphorylation in cells.
Discussion
It is clear from the data presented here that Tyr-397 is a bona fide site of phosphorylation intracellularly, as was predicted by in vitro phosphorylation studies using purified proteins. There has been some suggestion in the literature that in vitro phosphorylation of kinase substrates sometimes differs from cellular phosphorylation (21, 30, 31) . We have not previously observed irregular phosphorylation of caspase substrates by any of the kinases we have studied (19, 32, 60) . Once again in this work, we found that in vitro phosphorylation by c-Abl accurately reflected the intracellular phosphorylation specificity we observed. This fidelity between in vitro and cell-based observations is probably due to casp-9 being a direct substrate of c-Abl. Our data from multiple kinase-caspase pairs suggest that when the appropriate kinase is studied, in vitro and cellular phosphorylation patterns are conserved (19, 32, 60) .
Whereas it is clear that Tyr-397 is a bona fide site of c-Abl phosphorylation of casp-9, one of the most surprising aspects of our work is the fact that the reported site on casp-9, Tyr-153, was not observed to be phosphorylated by c-Abl either using purified proteins or intracellularly and was not activated by c-Abl as reported previously. This could be for a number of reasons. First, the study that identified Tyr-153 phosphorylation as activating did not investigate the functional impact of Figure 4 . Phosphorylation of Tyr-397 leads to casp-9 inactivation. A, WT Casp-9 and the unphosphorylatable variant Y397F were subjected to in vitro phosphorylation by Abl in the presence or absence of ATP for 2 h. Phosphorylation of the small subunit was clearly observed in WTcasp-9 but was essentially absent for casp-9 Y397F. Only background levels of phosphorylation were visible in the CARDϩLarge region. Gels and corresponding autoradiographs shown are representative of four independent trials performed on 4 separate days. B, inhibition of WT and Y397F casp-9 by phosphorylation. The activities of samples in A after incubation with c-Abl for 2 h were measured usingthecasp-9preferredsubstrateN-acetyl-Leu-Glu-His-Asp-7-aminotrifluoromethylcoumarin. Casp-9 WT was moderately inhibited, whereas casp-9 Y397F was insensitive to c-Abl-mediated inhibition. The reduced LEHDase activity for phosphorylated WT casp-9 (ϩATP) was statistically different from that of unphosphorylated WT (ϪATP) (**, p Ͻ 0.05) as determined by Student's t test. Data shown are means Ϯ S.E. (error bars) from four independent experiments performed on 4 separate days. C, the level of casp-9 phosphorylation correlates with the extent of inhibition. Phosphorylation levels of casp-9 were determined from [␥-
32 P]ATP standards exposed on the same autoradiograph as the Coomassie-stained SDS-polyacrylamide gel (supplemental Fig. S2 ). The percentage inhibition for phosphorylated casp-9 (both c-Abl and ATP present) was normalized against activity in the non-phosphorylated form (with c-Abl but no ATP). Data shown are means Ϯ S.E. from four independent experiments performed on 4 separate days. D, correlation plot between casp-9 inhibition and casp-9 phosphorylation. WT casp-9 was initially phosphorylated in vitro by c-Abl and was subjected to phosphoprotein enrichment to capture a greater fraction of phosphorylated casp-9. Data shown are means Ϯ S.D. from three independent experiments performed on 3 separate days.
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substitutions at Tyr-153 on proteolytic activity but assumed that Y153F casp-9 was proteolytically active (12) . In this work, we have shown that Y153F has severely reduced but detectable activity in the uncleaved form and is intrinsically inactive in the cleaved form (Table 1 and Fig. 1 (D, F, and G) ). The lack of casp-9 activation led to the interpretation that Y153F-transfected cells were less susceptible to cell death due to the absence of phosphorylation by c-Abl (12), when in fact, cells should have been rendered less susceptible to cell death due to the lack of proteolytic activity in Y153F casp-9. Second, it is important to note that Tyr-397 is contained within a much more ideal c-Abl recognition site than Tyr-153 is. Third, c-Abl phosphorylation of casp-9 at Tyr-153 was reported after induction of DNA damage (12) . c-Abl is known to shuttle between the cytosol and the nucleus (34) , and DNA damage activates nuclear c-Abl (35, 36) . It is possible that c-Abl activated by DNA damage has an altered sequence specificity or recognizes casp-9 in complex with cofactors that direct phosphorylation to Tyr-153 or that it prefers to phosphorylate Tyr-153 in casp-9 in a different conformational state. We are only able to speculate on the altered specificity or complex formation, but we have evidence that the conformational state is not likely to contribute significantly to the ability of c-Abl to recognize casp-9. We found that neither casp-9 in the zymogen nor casp-9 in the cleaved state was phosphorylated at Tyr-153 (Figs. 2 (B and D) and 3 (C and D) ) in vitro. Fourth, cases of multisite phosphorylation on proteins resulting in antagonistic effects have been reported (37, 38) , so it is possible that two sites in casp-9 are differentially phosphorylated by c-Abl in vivo, in which phosphorylation at Tyr-153 could lead to casp-9 activation, whereas phosphorylation at Tyr-397 results in casp-9 inhibition. Finally, and most probably, it is also possible that c-Abl activated by DNA damage activates another kinase that is responsible for Tyr-153 phosphorylation. The fact that Tyr-397 is contained within a more ideal c-Abl recognition site than Tyr-153 may also suggest that Tyr-153 phosphorylation is achieved not by c-Abl directly, but by a different kinase that is activated by c-Abl or by the same stimuli that activate c-Abl.
Tyr-397 is present in the L4 loop, which forms the side of the substrate-binding groove in caspases. This site is a privileged location for regulation in that it is adjacent to but does not directly interact with substrate. No phosphorylatable tyrosines are present in the L4 loops of other caspases (supplemental Fig.  S7, A and B) , so phosphorylation by c-Abl and inhibition by this active site-adjacent mechanism is likely to be unique to casp-9. Thus, Tyr-397 may provide a chemical handle for development of compounds that inhibit casp-9 specifically. Interestingly, in casp-6, Cys-264, which is also in the L4 loop, is palmitoylated (39) . The functional impact of this palmitoylation has not been fully uncovered, but it is tempting to speculate that, like casp-9 
Tyr-397 phosphorylation, casp-6 Cys-264 palmitoylation may result in loss of activity. The L4 has the most diverse sequence among the active-site loops in the apoptotic caspases; thus, posttranslational or targeted modification of L4 could be an amenable method of inhibition, as it might confer added specificity for each caspase.
Although the full impacts of Tyr-397 phosphorylation are not known, it is tempting to speculate about the functional impact of this phosphorylation event. A prevalent consequence of phosphorylation is its impact on protein-protein interactions. Phosphorylation can either disrupt or promote binding and in some cases even create a new binding interface. The region where Tyr-397 resides, 395 GIYK 398 , in L4 of casp-9 is involved in crystal contacts (40) , which may suggest that this region could potentially be involved in proteinprotein binding under native conditions as well. Casp-9 is activated by recruitment to the apoptosome via CARD-CARD interactions with Apaf-1 (41). Recently, a structure of the human apoptosome revealed that a monomer of casp-9 core (p20/p10) is "parked" on the apoptosome hub, probably in a dynamic manner, independent of the other casp-9 dimer(s) undergoing activation within the CARD-CARD ring (42) . Monomeric casp-9 cores were also reported to bind to the apoptosome by forming a heterodimer with the Apaf-1 nucleotide oligomerization domain via the casp-9 small (p10) subunit (43) . In addition, the apoptosome of Caenorhabditis elegans formed from CED4 and CED3 (homologues of Apaf-1 and casp-9, respectively) shows that the L2Ј region of CED3 directly interacts with the oligomerized CED4 and is crucial in the formation of a functional holoenzyme (44) . These observations imply that in addition to the CARD, other regions in casp-9 interact with the apoptosome and potentially influence its activation. Perhaps the Tyr-397 region of the small subunit is involved in direct interactions with the apoptosome, WT or Y397F casp-9 (30 g) were added to lysates to allow casp-9 phosphorylation. WT but not Y397F casp-9 showed phosphorylation in the small (Sm) subunit, which was not visible with imatinib-treated lysates. In some trials, the small subunit of Y397F also appears to be labeled, albeit at a significantly lower level than that of WT (supplemental Fig. S5, B and C) . The phosphorylation observed for CARDϩLarge appeared to be c-Abl-independent, because imatinib did not eliminate its phosphorylation. B, c-Abl is activated by DPH in synergy with orthovanadate treatment. HEK 293T cells were treated with DMSO, the known c-Abl-activating compound DPH ϩ orthovandate, or imatinib for 2 h. Lysates were probed for active c-Abl as assessed by immunoblotting (IB). Active c-Abl is phosphorylated at Tyr-412. DPH/vanadate treatment clearly resulted in c-Abl activation, as manifested by phosphorylation at Tyr-412 and downstream phosphorylation of a well-known c-Abl substrate, CrkII, at Tyr-221. C, Casp-9 is phosphorylated at Tyr-397 by active c-Abl intracellularly. HEK 293T cells were transfected with vector alone (p3xFLAG-CMV TM -14), catalytic site-inactivated casp-9 (C9 C287A-3xFLAG), or the unphosphorylatable variant (C9 C287A/Y397F-3xFLAG). 24 h post-transfection, cells were treated with DPH/vanadate for 2 h, harvested, and lysed. Immunoblot of total proteins confirmed c-Abl activation and casp-9 expression. Casp-9 was immunoprecipitated from lysates with an anti-FLAG antibody and probed with anti-phosphotyrosine (p-Tyr) and anti-casp-9 by immunoblotting. Cells transfected with C287A/ Y397F showed significantly lower levels of phosphotyrosine in uncleaved caspase-9 compared with those transfected with C287A, although the levels of immunoprecipitated casp-9 in both C287A and C287A/Y397F were similar.
such that phosphorylation of Tyr-397 would impact these interactions.
c-Abl has been reported to play both proapoptotic and antiapoptotic/prosurvival roles. The fact that casp-9 is inhibited by c-Abl phosphorylation at Tyr-397 suggests that this molecular event contributes to the prosurvival nature of c-Abl. Whereas c-Abl activation by DNA damage is known to induce cell death, hyperactive cytoplasmic kinase activities of c-Abl and Abl fusion proteins are recognized for their oncogenic potential (45, 46) . A prime example is BCR-Abl fusion kinase, whose loss of autoinhibition and increased catalytic activity is highly persistent in chronic myelogenous leukemia (47, 48) . Overexpression of c-Abl has been detected in certain breast tumors, colon and lung cancer carcinoma, and, in some cases, melanoma (46) . c-Abl activation in most of these cases is thought to be either a result of deregulated activities of upstream kinases or activation of growth factor receptors, or both (26, 46) . Besides deregulation and hyperactivity, the expanded diversity of Abl substrates due to altered specificities is thought to be another driving force toward oncogenicity (49, 50) . Thus, c-Abl phosphorylation of pro-apoptotic proteins with a loss-of-function consequence is consistent with c-Abl's anti-apoptotic/prosurvival function. Targeting an initiator caspase, such as casp-9, serves as an efficient route to execute an upstream block in apoptosis signaling.
The dynamic cross-talk between caspases and kinases enables their co-regulation, which is essential for cellular homeostasis. In many cases, kinases are regulated by proteolysis by the very caspases they phosphorylate (6, 51) . The cellular outcome, whether promotion or suppression of apoptosis, is dictated by which functional impact overcomes or precedes the other: caspase phosphorylation or kinase cleavage. We did not observe any apparent cleavage of c-Abl by casp-9 in vitro. One possibility is that casp-9 only exhibits basal or much lower levels of activity, whereas the kinase activity of c-Abl is heavily favored under in vitro phosphorylation conditions. It is also possible that c-Abl is simply not a preferred substrate of casp-9. However, the case might be different intracellularly because c-Abl was shown to be cleaved by casp-8 and casp-3, causing its transformation to an active state (52) and/or its relocation to the nucleus (53) . Given that c-Abl exerts dual yet opposing functions in apoptosis, one could infer that the molecular dialogue between c-Abl and casp-9 would be more relevant in cell death signaling. We also observed that among apoptotic caspases, casp-9 is the most preferred substrate of c-Abl (supplemental Fig. S7C) ; we envision that exploiting this interaction could be a suitable approach to specifically control casp-9 function.
More phosphorylation sites have been reported in casp-9 than in any other caspase (for reviews, see Refs. 6 -8) . Perhaps this is simply due to the fact that more effort has focused on casp-9 or because there is a need for additional regulation of casp-9. The latter is more likely, as casp-9's upstream function requires exquisite control to prevent any inopportune amplification of apoptotic signals. Given the rapid rate of proteomics advancement, we expect more phosphorylation sites to be reported on caspases under different cellular conditions. In the study of the interactions of kinase with their substrates, it is often insufficient to rely solely on cell-based assays, particularly when the intrinsic activity of mutant enzymes has not been assessed. Accurately identifying functionally relevant sites and elucidating the mechanism of phosphoregulation requires complementary cellular, biochemical, and structural interrogation, as was done in this case.
Recent efforts by our group and others have begun to illuminate the diverse molecular mechanisms of phosphorylationmediated caspase inhibition ( Table 2) . Some of these mechanisms operate by inhibiting the early stages of caspase activation, particularly zymogen activation. The conversion of caspases from a zymogen to a cleaved (mature) state to gain maximal activity is achieved by cleavage at the intersubunit linker, either by self-processing or by the action of another caspase. Phosphorylation of residues adjacent to or within the cleavage site(s) in the intersubunit linker has been shown to block linker cleavage, as observed in casp-3 (54), -8 (55, 56) , and -9 (10). Recently, phosphorylation of casp-7 at a prodomainadjacent Ser-30 was observed to block interaction with casp-9, leading to failure of casp-7 cleavage and activation (32) . Phosphorylation also impacts the catalytic activity of mature caspases. The mobile nature of the active site loops allows the kinase facile access to phosphorylation sites that are in close proximity to or within the substrate-binding pocket. Phosphorylation of these residues appears to be a robust way to directly inhibit catalytic function either by blocking substrate binding through steric clash, as observed in casp-7 Ser-239 (32), or by disorienting the substrate-binding loops, thus making them incompetent to bind substrate, as in casp-6 Ser-257 and casp-9 Ser-183 (19, 60) . We also observed an intriguing allosteric mechanism of phosphoregulation in casp-9 wherein phosphorylation of Ser-183 in the mature form is sufficient to disassemble the casp-9 core despite Ser-183 being distal from the large/ small interface (60) . Our recent data elucidating Tyr-397 phosphorylation adds to this list of caspase phosphoregulation. Our results clearly demonstrate that Tyr-397 in casp-9 is a bona fide site and the dominant site of phosphorylation by c-Abl 
intracellularly. An active site-adjacent residue, Tyr-397, does not seem to participate in strong molecular interactions with residues within the substrate-binding pocket or with the substrate itself, but phosphorylation transforms this site to one that directly inhibits substrate binding. This is the first report of a novel c-Abl phosphorylation site unique to casp-9, and targeting Tyr-397 may serve as an alternative approach for the specific control of casp-9. Our results suggest that phosphorylation of casp-9 by c-Abl is an important mechanism by which c-Abl fulfills its survival role to escape apoptosis. The next studies prompted by these findings are to determine the level of casp-9 phosphorylation at Tyr-397 in cancer cells where c-Abl is overexpressed and hyperactive, as it may provide possible avenues for caspase-kinase co-therapies in cancer and other proliferative diseases.
Experimental procedures

DNA constructs
The casp-9 full-length wild-type (C9FL WT) expression construct (gift of Guy Salvesen) consists of the human casp-9 gene (amino acids 1-416) with C-terminal His 6 tag in pET23b (57) . The casp-9 constitutively two-chain (CT) construct consists of an Escherichia coli codon-optimized synthetic gene (GenScript) built for expression of the CARDϩLarge subunit (amino acids 1-315) and separate expression of the small subunit (amino acids 316 -416 plus His 6 ), which was under the control of a second ribosome-binding site. The casp-9 ⌬CARD expression construct was made by deleting the CARD in the C9FL construct by deletion mutagenesis and inserting a start codon before the first amino acid (Val-139) of the large subunit. Casp-3 full-length wild-type expression construct (gift of Guy Salvesen) consists of the human casp-3 gene (amino acids 1-279 plus His 6 ) in pET23b (58) . Caspase variants encoding amino acid substitutions were generated by point mutagenesis. Bacterial expression constructs for the c-Abl kinase domain (c-Abl kinase) (amino acids 229 -511) in pET28a, c-Abl SH3-SH2-kinase domains (c-Abl 3D) (amino acids 46 -515) in pET28a, and YopH phosphatase in pCDFDuet-1 were gifts from Markus Seeliger (59) (Stony Brook University School of Medicine). Both c-Abl constructs have a TEV protease-cleavable His 6 tag at the N termini.
For casp-9 expression in HEK 293T cells, casp-9 FL C287A or FL C287A/Y397F gene was subcloned between HindIII and BamHI sites of the p3xFLAG-CMV TM -14 vector (Sigma), producing a C-terminally 3xFLAG-tagged casp-9 expression construct.
Expression and purification of proteins
Purification of casp-9 proteins-Casp-9 (FL, CT, and ⌬CARD expression constructs) in pET23b were individually transformed into the BL21(DE3) E. coli strain. Cells were grown in 2 ϫ YT medium with 100 g/ml ampicillin at 37°C with shaking until A 600 ϭ 1.2. The temperature was lowered to 15°C, and protein expression was induced with 1 mM IPTG for 3 h. Cells were harvested by centrifugation at 4,700 ϫ g for 10 min at 4°C. Thawed cells were resuspended in a buffer containing 50 mM sodium phosphate, pH 7.0, 300 mM NaCl, 2 mM imidazole and lysed by use of a microfluidizer (Microfluidics, Inc.). Cell lysate was clarified by centrifugation at 37,000 ϫ g for 1 h at 4°C. The supernatant was then loaded onto a HiTrap nickel affinity column (GE Healthcare). Proteins were eluted using a linear imidazole gradient from 2 to 100 mM. Fractions containing casp-9 were pooled, diluted 8-fold in 20 mM Tris, pH 8.5, 5 mM DTT and loaded onto a HiTrap Q-column (GE Healthcare). Proteins were eluted using a linear NaCl gradient from 0 to 275 mM. Casp-9 eluted in buffer with 180 mM NaCl. Peak fractions were analyzed by SDS-PAGE for purity and stored in Ϫ80°C until further use.
Purification of casp-3-Full-length casp-3 (wild-type or the catalytic site-inactivated variant C163S expression constructs) in pET23b were individually transformed into the BL21(DE3) strain of E. coli. Cultures were grown in 2 ϫ YT medium supplemented with 100 g/ml ampicillin at 37°C with shaking until A 600 ϭ 0.8. The temperature was lowered to 30°C, and protein expression was induced by 1 mM IPTG for 3 h. Cells were harvested by centrifugation at 4,700 ϫ g for 10 min at 4°C. Cells were freeze-thawed, resuspended in lysis buffer (50 mM sodium phosphate, pH 8, 300 mM NaCl, 2 mM imidazole), and lysed by use of a microfluidizer. Lysed cells were centrifuged at 37,000 ϫ g for 50 min at 4°C to remove cellular debris. The supernatant was loaded onto a HiTrap nickel-affinity column. The column was then washed with 50 mM imidazole in lysis buffer, and proteins were eluted with 250 mM in lysis buffer. The eluent was diluted 6-fold with buffer A (20 mM Tris, pH 8.0, 3 mM DTT) and loaded onto a HiTrap Q-column. Proteins were eluted using a linear gradient from 0 to 500 mM NaCl. Casp-3 eluted in buffer A with 250 mM NaCl. Peak fractions were analyzed by SDS-PAGE for purity and stored in Ϫ80°C until use.
Purification of c-Abl kinase-c-Abl kinase was purified according to a method developed by Seeliger et al. (59) . Briefly, the expression constructs for c-Abl in pET28a and for YopH in pCDFDuet were co-transformed in BL21(DE3) E. coli cells. Cells were grown in 2 ϫ YT medium supplemented with kanamycin (50 g/ml) and streptomycin (50 g/ml) at 37°C with shaking until A 600 ϭ 1.2. The temperature was lowered to 18°C, and protein expression was induced with 0.2 mM IPTG for 16 h. Cells were harvested by centrifugation at 4,700 ϫ g at 4°C and stored at Ϫ80°C until use. Thawed cells were resuspended in lysis buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 5% glycerol, 25 mM imidazole), lysed by passing through a microfluidizer, and centrifuged at 37,000 ϫ g for 1 h at 4°C. The supernatant was loaded onto a 5-ml HiTrap nickel affinity column. Proteins were eluted using a linear gradient of 25-250 mM imidazole in lysis buffer. Fractions containing c-Abl were pooled and treated with TEV protease to cleave the His tag (1 mg of TEV per 25 mg of crude kinase). Cleavage proceeded at 4°C for 16 h while dialyzing against 20 volumes of buffer A (20 mM Tris, pH 8.0, 100 mM NaCl, 5% glycerol, and 1 mM DTT). The dialysate was diluted 2-fold with buffer A and loaded onto a HiTrap Q column. The column was developed using a linear gradient of 100 -350 mM NaCl in buffer A. c-Abl eluted in buffer A with 200 mM NaCl. Peak fractions were analyzed by SDS-PAGE for purity and stored at Ϫ80°C until use. Phosphoenrichment-c-Abl-phosphorylated casp-9 WT (100 M) was buffer-exchanged into a loading buffer (TALON PMAC kit, Clontech) using a NAP TM 5 desalting column (GE Healthcare). The buffer-exchanged protein solution was then mixed with TALON PMAC magnetic beads (Clontech) for 1 h at 4°C. The beads were washed twice with loading buffer, and phosphorylated proteins were eluted from the beads using 250 mM sodium phosphate, pH 7.2, 0.5 M NaCl. Protein concentrations of eluted fractions were estimated using a BCA assay kit (Pierce TM , Thermo Scientific). All reactions were stopped by the addition of SDS-PAGE sample dye and boiling for 10 min. Proteins were resolved by denaturing SDS-PAGE. Phosphor images were obtained using Typhoon FLA 7000 (GE Healthcare), and bands were quantified using ImageQuant TL software (GE Healthcare). The amount of phosphate incorporated was quantified from an ATP standard curve on the same phosphor image (supplemental Fig. S2 ).
Casp-9 activity assay
Casp-9 was diluted in casp-9 activity assay buffer (100 mM MES, pH 6.5, 10% PEG 8000, 5 mM DTT) to a final concentration of 800 nM. For determination of catalytic parameters, a substrate titration was performed in the range of 0 -3 mM fluorogenic substrate N-acetyl-Leu-Glu-His-Asp-7-aminotrifluoromethylcoumarin (excitation 365 nm/emission 495 nm) (Enzo Life Sciences). A non-linear fit was used to estimate K m using Prism software (GraphPad Software, Inc.) Enzyme concentrations were determined by active-site titration using a quantitative inhibitor, benzyloxycarbonyl-Val-Ala-Asp-[O-methyl] fluoromethylketone (Enzo Life Sciences). The rate of LEHD cleavage (LEHDase) was measured using a Spectramax M5 fluorescence plate reader (Molecular Devices). For casp-9 activity assays after phosphorylation, 1.5 M casp-9 and 1 mM substrate were used.
Cleavage assays
Self-cleavage-Zymogen forms of casp-9 (WT, Y153E, Y153D, and Y153F) (3 M) were allowed to undergo self-cleavage in a minimal activity assay buffer (100 mM MES, pH 6.5, 20% PEG 400, 5 mM DTT) at 37°C over the course of 2 h.
Cleavage by casp-3-Casp-3 WT (20 nM) was prepared in casp-3 activity assay buffer (20 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM CaCl 2 , 10% PEG 400, 2 mM DTT). Full-length, uncleaved casp-9 (catalytic site-inactivated variant C287A, phosphomimetics Y153E and Y153D, or Y153F) (5 M) was added, and the reaction was incubated at 37°C for the times indicated.
Cleavage of casp-3 and casp-7 by casp-9 -Casp-9 WT or Y397F (50 M) was initially phosphorylated by c-Abl. Phosphorylated (WT) and unphosphorylated (Y397F) casp-9 was then diluted to 1 M in casp-9 minimal activity buffer, after which each of the catalytic site-inactivated variants of casp-3 C163S or casp-7 C186A were added to a final concentration of 3 M and incubated at 32°C. Aliquots were taken at different time points within 30 min.
All cleavage reactions were stopped by the addition of SDS-PAGE sample buffer and boiling for 10 min. Bands were quantified by densitometry using ImageLab software (Bio-Rad).
Cell culture, transfections, and preparation of extracts-HEK 293T cells were grown in RPMI medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 50 IU of penicillin, 50 g/ml streptomycin, and 2 mM sodium pyruvate. Cells were incubated at 37°C in a humidified atmosphere maintained at 5% CO 2 . Cells were transiently transfected with either empty vector (p3xFLAG-CMV-14) or casp-9 (C9 C287A-3xFLAG or C9 C287A/Y397F-3xFLAG), using the X-tremeGENE HP DNA transfection reagent (Roche Applied Science) according to the manufacturer's instructions.
After 24 h of expression, transfected cells were washed with 1ϫ PBS and lysed with 1ϫ modified Barth's saline-Triton X-100, pH 7.8, containing 5 mM HEPES, pH 7.8, 176 mM NaCl, 1 mM KCl, 1 mM MgSO 4 , 2.5 mM NaHCO 3 , 1% Triton X-100, and supplemented with Halt TM protease and phosphatase inhibitor mixture (Thermo Scientific). Lysates were clarified by centrifugation for 30 min at 16,100 ϫ g at 4°C.
Activation of c-Abl in HEK 293T
Transfected HEK 293T cultures grown to ϳ90% confluence were treated with 20 M 5-(1,3-diaryl-1H-pyrazol-4-yl)hydantoin (DPH) (Sigma) and 100 M sodium orthovanadate (Sigma) for 2 h. For untreated cells, DMSO was added in place of DPH. To determine the inhibition of endogenous c-Abl, HEK 293T cells were initially treated with 20 M imatinib mesylate (Sigma) for 16 h before DPH treatment. Activation was assessed by monitoring autophosphorylation of c-Abl at Tyr-412 and phosphorylation of known c-Abl substrate CrkII by immunoblot.
Immunoprecipitation and immunoblotting
3xFLAG-tagged casp-9 from lysates of transfected cells were immunoprecipitated using anti-FLAG M2 affinity gel (Sigma). The beads with covalently linked antibody were incubated with the lysates for 16 h at 4°C using an end-to-end rotator. Beads were washed three times with 1ϫ modified Barth's salineTriton X-100 buffer with Halt TM protease and phosphatase inhibitor mixture (Thermo Scientific). Immunoprecipitates were eluted with non-denaturing Laemmli buffer, after which 5 mM DTT (final concentration) was added, and the solution was boiled for 5 min. Total lysates and immunoprecipitates were loaded onto a 5-22% SDS-polyacrylamide gel and electroblotted to a PVDF membrane. Total lysates were probed with Caspase-9 phosphorylation by c-Abl antibodies against the following: FLAG (mouse, clone M2; Millipore), pTyr-412 c-Abl (rabbit; Cell Signaling Technologies), pTyr-221 CrkII (rabbit; Cell Signaling Technologies), casp-9 (rabbit; Cell Signaling Technologies), and cyclophilin A (rabbit; Cell Signaling Technologies), which served as a loading control. Antibody-antigen complexes were probed with anti-phosphotyrosine (mouse, 4G10 Platinum; Millipore) and anti-casp-9 (mouse; Proteintech). All primary antibodies were used at 1:1000 dilution. Before immunoblotting with anti-casp-9, the membrane was stripped using a stripping buffer, pH 2.2 (20 mM glycine, 0.1% (w/v) SDS, 1% Tween) for 1 h and then washed sequentially with 1ϫ PBS and 1ϫ TBST. Stripping was confirmed by probing with a secondary antibody and visualizing no bands after substrate incubation. The following HRP-conjugated secondary antibodies were used (all from Jackson Immunoresearch): goat anti-mouse IgG, goat anti-mouse IgG light chain-specific, goat anti-rabbit IgG. Immunoreactive bands were detected by enhanced chemiluminescence using an X-ray film and by visualizing in ChemiDoc XRSϩ (Bio-Rad). For detection by X-ray film, secondary antibodies were diluted 1:5000; for detection by ChemiDoc XRSϩ, secondary antibodies were diluted 1:50,000.
Protein digestion and LC-MS/MS
In-solution digestion-Casp-9 (50 M) was phosphorylated by c-Abl (1 M) with 1 mM ATP for 4 h at 30°C. After phosphorylation, 5 mM DTT (final concentration) was added and incubated at 30°C for 20 min. Cysteine alkylation was then performed by treatment of the sample with 8 mM iodoacetamide (Sigma). The tube was covered with foil to prevent lightmediated reactions, and the reaction was agitated using an endto-end rotator for 15 min at room temperature. Unreacted iodoacetamide was quenched by adding 5 mM DTT for 15 min at room temperature. Half of this reaction (ϳ100 g of casp-9) was diluted in the same volume of Arg-C incubation buffer (50 mM Tris, pH 7.7, 5 mM CaCl 2 , and 2 mM EDTA). 1 g of Arg-C protease (sequencing grade; Promega) in 50 l of activation buffer (5 mM Tris-Cl, pH 7.7, 5 mM DTT, 200 M EDTA) was then added to the reaction. Digestion was allowed to proceed for 16 h at 37°C. The reaction was stopped by adding 10% formic acid to a final concentration of 0.5%. Final pH was confirmed to be Յ2.0. Arg-C was removed using a Microcon spin filter column, molecular weight cut-off 10,000 (Millipore), centrifuged at 16,100 ϫ g for 15 min. Peptide concentration was estimated by absorbance at 280 nm using a NanoDrop TM 2000c spectrophotometer (Thermo Scientific). Digested proteins were diluted with 1% formic acid to contain 2 g of peptides.
LC-MS/MS-Protein digests were diluted in 0.1% formic acid in water (solvent A) and were analyzed on an Orbitrap Fusion TM mass spectrometer (Thermo Scientific) coupled to an Easy-nLC 1000 (Thermo Scientific) ultra-HPLC pump. Analytical LC separations were performed on a FortisBIO C18 nano-flow column (150 mm ϫ 75 m, 1.7 m (Fortis Technologies Ltd.)) at a flow rate of 225 nl/min. The following step gradient was used: 0 -40% solvent B (0.1% formic acid in acetonitrile) for the first 90 min and then 40 -85% B for 90 -95 min. Total run time was set to 130 min. MS1 spectra were collected on a positive polarity mode with a scan range from m/z 350 to 1,500 at a resolution of 120,000 with an automated gain control target of 400,000 and a maximum injection time of 50 ms. The most intense ions were selected for MS/MS. A dynamic exclusion window of 60 s with a mass tolerance of Ϯ10 ppm was used to exclude precursors. MS2 precursors were isolated with a quadrupole mass filter, fragmented by electron transfer dissociation, and detected by an ion trap mass analyzer. MS2 was operated with an automated gain control target of 50,000 and a maximum injection time of 100 ms. MS/MS analysis workflow was created with Proteome Discoverer version 1.4 (Thermo Scientific). Assignment of MS/MS spectra was performed using the SEQUEST algorithm utilizing the FASTA sequence for human casp-9 (UniProt ID P55211). SEQUEST searches were performed with a 10-ppm precursor mass tolerance and 0.5-Da fragment mass tolerance while requiring peptide termini to have Arg-C protease specificity and allowing up to three missed cleavages. Carbamidomethylation of cysteine residues (ϩ57.021 Da) and phosphorylation of tyrosine residues (ϩ79.966) were set as dynamic modifications.
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